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INTRODUCTION 


The  objective  of  this  report  is  to  compare  probability  of  error  (P^) 
vs  received  signal-to-noise  ratio  (SNR)  for  various  basic  binary,  digital, 

FM  transmission  schemes.  Ihe  SNR  is  the  ratio  E/  , where  E is  the  en- 

ergy  per  bit,  and  t)  is  the  noise  power  per  Hz  of  bandwidth.  The  scope 
of  this  report  is  limited  to  binary  rather  than  multi-level , digital  FM  for 
the  following  reasons; 

1 . Binary  systems  are  often  more  practical  and  economical  in 
terms  of  design  (Ref  1) . 

2 . The  available  literature  for  angular  feedback  FSK  (frequency  shift 
keying)  demodulators  (phase-lock  loops)  deals  primarily  with  binary  systems. 

3 . Probability  of  error  is  more  readily  analyzed  for  binary  systems . 

Figure  1 compares  the  relative  error  performance  of  the  systems  discussed 
in  this  report. 

Binary  digital  FM  for  rectangular  modulating  waveforms  can  be 
considered  as  a form  of  FSK  in  which  the  signal  wave  is  treated  like  an 
FM  signal. 

Emphasis  will  be  placed  on  the  phcse-incoherent  detection  schemes 
because  it  is  generally  impractical  to  maintain  a coherent  phase  reference 
at  the  receiver  for  FSK.  In  fact,  phase  shift  keyed  (psk)  transmission 
offers  superior  performance  and  should  be  used  if  it  is  available . 

GENERATION  OF  DIGITAL  FM 

In  generating  digital  FM  signals,  phase  continuity  should  be  main- 
tained at  the  switching  instants  in  order  to  avoid  undesirable  transients 
in  the  FM  wave.  For  this  reason,  the  digital  baseband  data  transitions 
are  fed  to  an  FM  modulator  rather  than  switching  between  diflferent  inde- 
pendent oscillators . 

The  shaped  signal  at  the  output  of  the  pre-modulation  filter  can  be 
described  as: 


S(t)  - Z b^g(t-nT) 
n=-«o 


1 


■■■■■■■■■■■■■■■■■■■■■■■■■■■■■I 


■■■■■  ■■■■■■■■■■ 

■■■■■■■■■■■■■■■a ■■■■■■■■■■ ■■■■liaaBB* maw 
■aaBBB  BBBBBBaaaB  aaaaaaaaaB  aaBaaBBaBaar 
■aaBaaaBaaaBBBaaaaaaaBaBaBaaacaaBaBBBi 


.j^iarnav.  

BBa»aaaalaa>c<aBaBBila.aBS»'-t;mi»tajjta»t;<BBaai 

aaMia  aaiii  iaa>^B  iaBaiaa:'aN  Baaaf  aiBaa  aaaaai 
aaaBaa  aaaii  aaiat:  aaaBKiB..’«a  BaaiaaBaaBiaBaai 
aBBBBa  iaiai  ■aaaaaaaiBia'aBi:  aaaaaaaaaa  aaaBai 


immmmmmm  mbi 
laaiBaaiMBi 


■■■!■■  iiaai 
BBaaBaHaai 
aaaBaa  Maai 


BaBBaaaaBBB 
naaaaBBBaBB 

^aaaaaaBBBa 

aTi^TBaaBBaa 

a>&^aj.i’aBBBaa 

aaau^uBM  aBLiaaaaukiB  aaaaBabaaB  aaa 
naaaaBBBaBBBaBBaBBaaaBaaaBaBaaB 
— BaaBB  BaaBaBBBBB  BBaaBBBBaa  aaa 
aaBaa  aaBaaaaas  i : r.wTiiiaBBaaB  aaa 

- - - 011  :^m£:mr*'mrtmmmmi/mBmmmmmmmm 

laaBBaafiaaaaba'nBBaBaaBaBaaBaaBaBBaBB 
aBBBBB 


. Jk.'aaa^v.TTyiT  riTTim  011 

JBBk>'a  ak'aak-aaaaB  Baaaaaaaabi 

■bb  laaaa  BaabaaBaBk'  la.^jac'laaB  aaaaBaaBaB  BBBPaaaBBa  BBBBBaaa 

anaiii<{:ssHs::::»;8s::£»:^;!sLii^uju±^ii;iu;ii;i;H:u::s::s:s: 

~ 1■l^'«ia\aa'BaBBBBBaaaaal 


BBfaBBaBBii !aBBaBai 
aaBaaa BaaBB laaaa aai 


mmmmm 


aaBBaai 


iaaaa ■laBaBBaaBaaaoi 
iaaai ■iBBBBaBaaBBiat 


Ii'iaaaBBBaaai 
aBBBBBaaaBi 


laai 


.laaaaBBaaaB^iaaBBa  IB  MtiBBaBBaailHBaBaaBai. 

aaaa  liiBBBaaaa  aik  aaaBai'a  1 'aaiBBaaaa  iiOiaaiai  aaBaaBaBaa  aaa 
iiii iiiaBBaaaaaBB  ^Baaaa 1 a iB>iaaaaaa  BiliBaBaEa  B|aaaBBBaa  aaa 
aiialiiBBBaaBBBBai'aaaaBk'ir'akaaaaaBBaiiiaBaBiiiaaBBBaBaaBa 
■ ■BaaaaaaiBBBaaaaaaa  aaaaai it  aa  faBaaaBaaaaaaaaaaBBBaBaBBBaBB 


. jaB>„ 

|BaaaBf?l| 
'aBBBBi;ai 
iBBBaia'ai 


I lai 

iiiaaB 
. J iaaaa 
la  laaBB 


liaaaaa iBBBaaaaBB  aaa 
.jBaBaaBiBaBBBBBBBaaa 
laaaaaaa  aaaBBBaaaa  aaa 

■“  ss:r 


aBBBaaaBB aaBaaa'  

iBBBaaBaBBBBaBav.Bt  aaaaai  tia  aBBB^_^ 

iBBUBB  ia  Baai  a i.iaaa  laliBaaaaa  aaaaaaaBai 

;ri:;;i:a>iBBa|BiaiiaBaaaiiaivwuLuaHfiBBBi 
taBBBBtaaBianmi.-n'.i.-n?.T~MU^.M-/.1.fiMiBaBi 

iBaaaaBaaaaaaan::^;;;;  Baaiai  laa  BaaaaaaaiWiiiraiaaliiBaBi 
laaaaaaiiiijL'aii’i'dJiiiiiBBaBiaiiipaBaRiBBaaiir^nifvaBBBi 
Ilf  iaaaaEi  aaaaaaaaak  1 aaaaa  iji  2,ai  1 jatr 

^aaaa  aaaaaaaaai ' laaBB.  inaaa  — 

— naBBaBaaaaai ifiaain  afai 
' — ^aaaaaBBaa  iiaaBi  \b  iiii 
IBaBBBBBB  IBaBBI  ~~~ 

■BBaiaai  >iaaBB~. 


laai 


laaaati 

iaaaur 


janr  <<.  mifii  >1  it  i a m ^ ' wsa 

IBaaaaaaa  BaaBaabiaa |f ai 

|i  irr;  rrrii  lif  kri  j|aBaaaaiiif  1 
iBBaaaali Baiiaaaaai iaii 


8:s»8:ss 


188888888! 


»}: 


Where  is  the  binary  data  sequence  and  g (t-nT)  represents  the  filtered 

pulse  which  is  either  positive  or  negative  (corresponding  to  a mark  or  a 
space) . The  transmitter  osc  tor  frequency  follow  c,  the  baseband  (Ref  2)  . 

t 

V (t)  = A cos  [co^t  + 0^  + p / s (X)  dX] 

Where  A = constant  carrier  amplitude , (o^  is  the  carrier  frequency , t^ 
and  0^  are  arbitrary  reference  time  and  phase , respectively , and  p relates 

frequency  displacement  to  baseband  signal  voltage.  Another  way  to  visual- 
ize the  binary  FSK  process  is  to  consider  modulator  instantaneous  output 
frequencies  constant  over  the  duration  of  the  signal  pulses: 


S(t) 


A cos  27:  fj  t,  For  mark 
A cos  271  fj  t,  For  space 


Having  generated  the  digital  binary  FM  signal , the  next  step  is  to 
consider  the  error  rate  performance  for  the  various  basic  detection  schemes . 


NONCOHERENT  DETECTION  USING  A PAIR  OF  TONE  FILTERS 

Noncoherent  FSK  detection  uses  only  the  FM  signal  envelope  ampli- 
tude information  to  decide  whether  a mark  or  a space  was  sent . A pair  of 
tone  filters , one  centered  on  the  mark  frequency  and  the  other  centered 
on  the  space  frequency,  is  used  to  detect  the  binary  FM  wave  as  shown  in 
Figure  2 (Ref  3)  . Since  the  signal  in  a filter  is  a finite  bandwidth  pulsed 
sinusoid,  there  is  a partial  response,  or  cross  talk,  in  the  other  filter. 
This  cross  talk  is  ignored  in  the  following  calculation  of  P 

e 


S(t) 


Figure  2 Noncoherent  FSK  detection 
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The  FSK  detector  compares  the  difference  of  the  envelope  amplitudes 
out  of  the  tone  filters  against  a zero  threshold  which  is  independent  of  in- 
put SNR . The  SNR  in  the  filter  output  containing  the  signal  is  computed 
in  order  to  obtain  an  expression  for  the  . 

When  the  instantaneous  frequency  (mark  or  space)  is  the  same  as 
the  respective  filter  center  frequency , the  probability  density  function 
(pdf)  of  the  signal  in  narrow  band  noise,  P (rj ) , can  be  represented  in 
terms  of  the  modified  Bessel  function  of  the  first  kind  and  zero  order  (Ref  3) 


- (r? 


+ p*) 


/2N 


0 < ri  < “ 


Where  p = signal  level  in  the  filter  momentarily  containing  the  signalled 
tone.  The  other  filter,  which  contains  no  frequency  component,  has  a 
pdf  for  T2  of: 


P (r,)  = ^ e 0<r,  < CO 

An  error  occurs  when  r,  > rj , so  that  the  probability  of  an  error  is: 


Pe  = PROB  (r2  > ri ) = / P(r,)  [ / Plrjldr, Idrj 

ri=o  r,=  ri 


This  integral  relationship  reduces  to: 


Pg  = 1/2  e"  e ^ ^ ^ g"  (E/ti)/2 

Where  the  MARCOM  Q function  is  defined  by: 

Q (a,p)  = / tl  (at)  e“  dt 

p 0 

and  where  E/q  is  the  ratio  of  energy  per  bit,  E,  divided  by  the  noise 
power  per  Hz . This  result  is  plotted  together  with  the  results  for  the 
other  binary  demodulation  schemes  in  Figure  1 . 
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OPTIMUM  COHERENT  FSK  DETECTION  OF  ORTHOGONAL  SIGNALS 


The  optimum,  coherent,  binary  FM  detector  can  be  implemented  by 
a pair  of  matched  filters  and  a sampler  which  makes  a decision  on  each 
received  bit.  Another  form  of  the  optimum  receiver  might  use  a different 
matched  filter  for  each  of  2N  different  messages , where  N = number  of 
symbols  per  message.  In  this  case, a single  decision  will  be  made  as  to 
which  message  is  most  likely  to  have  been  transmitted. 

The  optimum  receiver  receives  two  transmitted  waveforms,  corre- 
sponding to  a mark  or  a space: 

Sj  (t)  = A cos  cCit 

Sj  (t)  = sin  (Ojt 

These  waveforms  satisfy  the  orthogonality  condition: 

^ ^ TA* 

/ Si  (t)*  S,  (t)dt  = o,  ; Si  (t)*  Si  (t)dt  =-^ 

o o 

For  orthogonality  to  hold,  the  frequency  separation  between  Si  and  Sj 

must  be  w^  = | W*  - Wi|  , where  w^T  = q7c,  q = l,2,3 The  matched 

filters  can  be  in  the  form  of  integrate-and-dump  circuits , one  for  the  mark 
signal  and  the  other  for  the  space  signal.  These  two  matched  filters  cross- 
correlate the  received  signal-plus-noise  with  the  receiver  generated  repli- 
ca of  either  Si  or  Sj . If  Si  is  transmitted,  the  output  of  the  filter  matched 
to  Si  is: 

T T 

V,  = / V(t)*  Si  (t)dt  = TAV2  + / T)(t)*  Si  (t)dt 
o o 

T 

The  Sj  matched  filter  output  is  : V-  = / q (t)*  Sj  (t)dt  The  mean  of 

0 

the  Sj  filter  output  is  zero,  while  the  variance  = q (T  A*/2)  for  both  filters. 
The  optimum  receiver  decides  Si  (t)  was  transmitted  when  the  Si  matched 
filter  output  is  bigger  than  the  Sj  matched  filter  output. 

The  calculation  of  P is  facilitated  by  the  signal  space  representa- 
tion shown  in  Figure  3 (rHi  4)  . 
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Figure  3 Binary  orthogonal  signal  set 


An  error  occurs  when  Si  is  transmitted  if  the  noise  component  exceeds  d/2, 
the  distance  from  a signal  to  a decision  boundary . The  noise  is  zero  mean 
gaussian  with  variance  N /2.  Since  Sj  and  S,  are  assumed  to  be  equally 
likely , the  conditional  probability  of  error  is  the  same , by  symmetry , for 
each  signal: 


P =P(Si)  P(E/Si)  +P(S,)  P(E/S,)  =P(E/S,) 


andP(E/Si)=  / \/"No  e da 

d/2 


-Q[\ro 


fE 
= QV  IT  N 


therefore:  P = Q ( , Ie  /N  ) 
e y s o 
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This  result  is  plotted  in  Figure  1 along  with  the  curves  for  the  other 
digital  FM  transmission  schemes . 

PERFORMANCE  OF  THE  LIMITER  DISCRIMINATOR 

The  non-linearity  of  the  FM  process  and  the  non-gaussian  distribu- 
tion of  post-detection  noise  makes  the  prediction  of  error  rates  difficult 
(Ref  5)  . This  difficulty  has  led  to  somewhat  different  models  for  the  trans- 
mitter-receiver and  different  ways  of  looking  at  the  error  mechanism . 

For  example,  Salz  and  others  showed  that  if  both  transmitting  and  receiving 
filters  are  optimized  subject  to  the  constraint  that  average  signal  power 
at  the  receiver  be  fixed,  the  binary  error  rate  performance  curve  is  only 
about  1/4  dB  poorer  than  the  ideal  phase  modulation  with  comparison  de- 
tection (Ref  6) . This  performance  is  about  IdB  better  than  optimally-de- 
tected coherent  FSK  (at  P = 10"^),  which  signals  over  the  infinite  band- 
width white  gaussian  noilb  (WGN)  channel  with  an  optimum  peak-to-peak 
frequency  deviation  of  70%  of  the  bit  rate.  This  discrepancy  is  thought  to 
be  due  to  Salz's  inclusion  of  optimized  transmitter  and  receiver  filters 
which  cause  the  received  signal  to  possess  both  amplitude  and  frequeni.; 
information:  the  received  wave  is  no  longer  "pure  FM . " Another  example 
of  the  different  conclusions  that  are  reached  has  to  do  with  narrow  band 
FM . Salz  and  others  conclude  that , for  narrowband  FM , clicks  make  no 
significant  contribution  to  the  error  rate  (Ref  6) . On  the  other  hand.  Klapper 
demonstrates  that,  for  deviation  indices  greater  than  1/2,  the  major  cause 
of  errors  is  spikes  for  which  the  threshold  impulse  origin  encirclement 
opposes  the  instantaneous  frequency  deviation  of  the  signal  (Ref  7 , 8 , 9)  . 

Salz  and  others  analyzed  the  performance  of  the  limiter  discriminator 
(LD)  using  a model  involving  in-phase  and  quadrature  components  of  the 
band-limited  input  signal  and  an  asymptotic  approximation  of  the  statistics 
of  the  sampled  output  of  the  postdetection  integrate-and-dump  filter  (Ref  2 , 
9,  10)  . These  results  show  that  is  affected  by  system  memory  and  that 
error  curves  can  be  given  as  bounds  for  the  worst  and  best  data  sequences. 

Two  different  analyses  of  the  LD  error  mechanism  are  discussed  in 
this  report . An  analysis  by  Klapper  was  selected  because  his  results  can 
be  used  to  explain  and  predict  the  observed  experimental  behavior  of  angu- 
lar feedback  demodulators  (Ref  8,  11)  . However,  the  analysis  by  Shaft 
yielded  theoretical  results  which  agreed  more  closely  with  the  experimental 
error-rate  performance  for  the  limiter  discriminators  (Ref  12)  . 
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In  Shaft's  model  of  the  binary  FM  transmission  system,  a sequence 
of  data  pulses  is  fed  to  an  FM  modulator . The  demodulator  consists  of  an  j 

LD  followed  by  a sampler  and  decision  network  as  shown  in  Figure  4 . ^ 

In  order  to  determine  the  probability  of  an  incorrect  decision , the  proba-  J 

bility  density  of  the  signal  (send  fj  or  fj  for  "0"  or  "1".  respectively)  - 

plus  noise  is  integrated  over  the  region  of  incorrect  decision . At  the 
output  of  the  LD  this  probability  density  is  Rician  (not  gaussian)  . Shaft 
used  the  earlier  published  values  for  this  integration  by  Meyerhoff  and 
Mazer  to  determine  P for  a system  operating  with  the  following  parameters 

(Ref  12) : ® I 

1 

1 . b^T  = 1 , where  b^  = equivalent  noise  bandwidth  of  the  IF  ' 

T = bit  length  j 

2,  Af  = .796/T  This  value  for  the  separation  between  ^ 

the  two  transmitting  frequencies  I 

(fj  and  f2 ) yields  the  minimum  error  ' 

rate . | 

The  resulting  Pg  expressed  as  a function  of  receiver  input  bit  energy-to- 

noise  density  is:  i 

P = 1/2  exp  (-E/q) 

@ 

This  result  is  plotted  in  Figure  1 . 

The  deviation  index  is  given  by  D = TAf.  It  turns  out  that  the  opti- 
mum D = .796,  a value  very  close  to  the  value  D = .7,  for  which  the  angular 
feedback  demodulator  error  performance  is  optimum . 

One  of  the  objectives  of  this  report  is  to  outline  the  advantages  of 
using  angular  feedback  demodulators  (which  include  phase-lock  loops)  . 

Since  the  error  rate  performance  of  these  demodulators  is  more  readily 
analyzed  in  terms  of  threshold  impulses  (TI)  and  loss-of-lock  impulses 
(LLI) , the  Klapper  approach  will  be  emphasized.  The  Klapper  approach 
has  the  further  advantage  of  predicting  P when  the  predetection  band- 
width is  much  wider  than  the  bit  rate  (due  to  doppler  shifts  and  system 
frequency  instabilities)  . There  is  a link  between  the  threshold  mechanism 
in  analog  FM  and  error  generation  in  digital  FM  in  that  encirclement 
spikes  are  found  to  be  the  prime  cause  of  errors , even  for  carrier-to- 
noise  ratios  substantially  above  the  FM  threshold  level  (Ref  11) . 
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The  noise  at  the  output  of  the  LD  is  composed  of  a small  (Rician) 
component  plus  superimposed  randomly-occurring  threshold  impulses. 
These  impulses  are  generated  each  time  the  vector , resulting  from  the 
addition  of  instantaneous  noise  to  the  instantaneous  signal , encircles  the 
origin. 

The  encirclement  is  a 2ii  jump  in  phase  which,  when  differentiated, 
yields  a spike  of  unity  area  in  the  frequency  vs  time  plane . These  spikes 
are  called  threshold  impulses . The  communication  system  model  used  by 
Klapper  (Ref  7)  for  determining  the  error  rate  performance  of  an  LD  is 
shown  in  Figure  5. 

The  predetection  filter  removes  out-of-band  noise . The  integrate- 
and-dump  circuit  integrates  the  LD  output  for  the  duration  of  each  bit. 

The  integrator  output  is  proportional  to  the  difference  in  phase  between 
the  beginning  and  end  of  each  bit.  The  phase  difference  due  to  the  signal 
component  having  rectangular  transitions  is: 

T 

= 271  / Af  dt  = 27rAfT 


The  modulation  index,  D,  is  defined  as  D = 2Af/BR,  where  BR  = bit  rate 
= 1/T.  In  terms  of  D,  the  phase  difference  is  0 = tcD.  The  phase  dif- 

ference  introduced  by  the  noise  is  analyzed  in  terms  of  the  resultant  sig- 
nal-plus-noise vector . For  reasonably  small  error  rates , the  noise  ampli- 
tude for  most  bit  intervals  tends  to  be  small  and  noise  does  not  signifi- 
cantly affect  the  resultant  vector.  On  relatively  rare  occasions, the  noise 
is  high  enough  to  cause  the  resultant  vector  to  encircle  the  origin , giving 
a 27c  phase  shift.  Since  for  FSK  the  carrier  is  offset,  these  encirclements 
usually  are  in  a direction  to  oppose  the  signal  deviation . Klapper  has 
shown  (Fig  6)  that  errors  are  made  according  to  the  deviation  index  (Ref  8)  . 

This  table  is  summarized  by  the  equation:  k = D/2  (using  the  next 
higher  integer  for  k)  , where  k spikes  occur  in  bit  time  interval  T . In 
accordance  with  Rice's  theory,  the  origin  encirclements  caused  by  spikes 
follow  a Poisson  distribution: 

P (k)  = (NT)  k/k! 
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Figure  5 Limiter-discriminator  FM  system  (Kiapper) 


where  N is  the  average  number  of  spikes  per  second . Since  the  carrier 
is  offset  by  Af , the  spike  rate  is  approximately  (Ref  7) : 

N * Af  e"’^  . 


Where  = Carrier-to-noise  ratio  (CNR)  at  the  LD  input.  The  number  of 

spikes  per  bit  is  NT . Using  the  relationship:  D = 2AfT , NT  = D/2  e ^ 

Then  using  the  Poisson  distribution  given  above,  the  probability  of  error  is: 


P 

e 


(NT)^  e-^^ 


k = number  of  spikes  per  bit 


Figure  7 is  a sketch  of  P^  as  a function  of  the  deviation  index  (D)  for 
a constant  noise  level , with  p , the  input  CNR  to  the  LD , as  a parameter 
(Ref  8) . This  sketch  shows  a "zigzag"  or  staircase  behavior. 


D 


Figure  7 Error  probability  vs  deviation 
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Experimental  error  rates  obtained  for  phase-lock  demodulators 
demonstrate  the  rapid  changes  in  slope  or  staircase  behavior  as  shown 
in  Figure  7 . However , the  conventional  limiter  discriminator  shows  a 
smooth  monotonic  decrease  in  error  rate  with  increasing  CNR . Since  the 
bit  energy  increases  with  D,  the  error  rate  decreases  with  D.  The  smooth 
curve  for  the  LD  is  thought  to  be  due  to:  (1)  The  smearing  of  encircle- 
ments into  adjacent  bits  caused  by  narrow  predetection  filter  bandwidth 
and  the  effect  of  other  parameters . (2)  The  presence  of  nonencirclement 
(non-impulsive)  noise  (Ref  7) . On  the  other  hand,  phase-lock  demodu- 
lators generally  exhibit  much  greater  sharpness  of  impulses. 

In  order  to  compare  the  LD  error  curve  against  the  other  detection 
methods,  the  parameter,  p,  can  be  expressed  in  terms  of  E/r|  at  the  re- 
ceiver input  (not  at  the  LD  input) : 


E/ti  = K p B^T 


where:  B 

n 

P 

T 

K 

E 

n 


predetection  filter  noise  bandwidth 
CNR  at  LD  input 
bit  duration 

unmodualted  p /modulated  p 

(K  is  a constant  allowing  for  receiver  filter  losses) 
signal  energy  per  bit 
noise  density 
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PHASE-LOCK  LOOP  (ANGULAR  FEEDBACK)  DEMODULATOR 


The  threshold  for  analog  FM  can  be  significantly  reduced  by  using 
angular  feedback  demodulators . Since  the  error  mechanism  for  analog 
and  digital  FM  have  been  shown  to  be  related,  there  is  reason  to  expect 
that  phase-lock  demodulators  can  also  reduce  the  error  rate  for  digital 
FM  as  compared  to  a LD.  In  practice,  a modified  first-order/phase-lock 
loop  (PLL)  can  give  about  a idB  improvement  in  error  performance  (for 
D = . 7 with  the  predetection  on  filter  bandwidth  determined  by  signal 
modulation  parameters)  (Ref  8) . This  degree  of  improvement  is  less  than 
can  be  achieved  for  analog  FM  because:  (1)  The  PLL  bandwidth  has  to 
be  wide  enough  so  that  the  loop  phase  error  transient  response  due  to 
frequency  steps  (FSK  data  transitions)  is  within  acceptable  limits . 

(2)  Ordinarily  the  receiver  predetection  filter  is  relatively  narrow  since 
error  rate , and  not  waveform  fidelity , is  the  performance  criterion . 

The  design  of  PLL  for  binary  FM  demodulation  is  concerned  largely 
with  minimization  of  the  total  spike  rate  (T1  and  LLI) . Intersymbol  inter- 
ference is  not  a problem  in  practice  because  as  the  bandwidth  is  reduced 
the  PLL  starts  producing  spikes  before  intersymbol  interference  becomes 
unreasonable . 

The  best  type  of  PLL  for  demodulation  of  binary  FM  is  called  a modi- 
fied first-order  loop  (MFOL)  (Ref  11) . The  MFOL  has  an  active  loop  filter 
characterized  by  a single  pole  near  zero  frequency  (or  at  a frequency  as 
low  as  can  be  practically  achieved)  and  a zero  determined  by  the  loop  band- 
width. To  achieve  a minimum  spike  rate,  the  optimum  loop  bandwidth  has 
been  empirically  determined  to  be  Bn  = 3.5  Af  Hz  (Ref  9) . As  far  as  the 

data  is  concerned,  the  loop  operates  as  a first-order  loop  because  the  asymp- 
totic open  loop  response  has  a slope  of  -6  dB/octave  over  most  of  the  range 
(Fig  9) . For  D < 2 , the  zero  gain  crossover  point  of  the  open  loop  response 
is  taken  equal  to  the  bit  rate  (Ref  9) . This  crossover  is  many  times  higher 
than  the  pole  or  zero  frequency  of  the  active  loop  filter . 
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Figure  9 Open  loop  response 


The  advantage  of  the  modified  first-order  loop  is  that,  when  the  sig- 
nal input  is  a series  of  alternating  frequency  steps  (square  wave  dataX 
the  loop  peak  phase  error  is  lower  than  for  second-order  types  (Ref  9) . 

A lower  peak  phase  error  is  desirable  to  reduce  the  frequency  of  LLI . 
This  transient  behavior  of  a first-order  loop  for  alternating  frequency 
steps  is  not  to  be  confused  with  the  case  where  the  loop  input  is  a single , 
non-recurring  frequency  step, in  which  case  the  phase  error  response  is 
minimum  for  the  critically  damped  second-order  loop . 
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COMPARISON  OF  ORTHOGONAL  FSK  TO  PSK 

Binary  coherent  PSK  (phase  shifts  of  90“)  is  the  most  efficient  sig- 
nalling scheme . A way  to  compare  coherently  detected  orthogonal  FSK 
to  PSK  is  to  use  signal  space  diagrams.  The  binary  PSK  signal  vector  set 
is  antipodal  as  shown  in  Figure  10. 
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Figure  10  PSK  signal  set 

An  error  occurs  when  either  vector's  distance  from  the  decision 
boundary  (d/2)  is  exceeded  by  the  zero  mean  gaussian  noise  component. 
The  antipodal  vector  orientation  is  the  "minimum  energy"  signal  set  that 
can  be  used  to  communicate  at  a given  error  rate . As  shown  in  Figure  3 , 
the  distance  from  a signal  vector  to  the  decision  boundary  is  shorter  for 
orthogonal  FSK.  Hence,  the  antipodal  signzilling  is  3 dBmore  efficient 
than  orthogonal  signalling . The  probability  of  error  for  PSK  is  given  by: 

Pg  = Q 

where:  E = Signal  energy/bit 

= PSD  of  noise 

This  result  is  plotted  in  Figure  1 along  with  the  Probabilities  of  Error  for 
the  other  signalling/ detection  schemes  discussed  in  this  report. 


f 
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COHERENT  DETECTION  OF  BINARY  FM  FOR  OPTIMUM  MODULATION  INDEX 


The  error  rate  performance  for  optimum  coherent  detection  of  ortho- 
gonal signals  (using  two  matched  filters)  can  be  bettered  by  about  .85  dB 
by  spacing  the  tones  (Gj  and  Gj)  closer  together  so  that  the  space  filter 
output  is  negative  when  the  mark  is  transmitted  and  vice-versa  (Ref  3)  , 

At  the  optimum  deviation  index,  D = .75  (peak-to-peak  frequency  deviation, 
f , is  75%  of  the  bit  rate) , the  mark  and  space  signals  are  no  longer  ortho- 
gonal, because  for  orthogonality,  AW  T = N71,ti  = 1,2,3 E.F.  Smith 

calculated  the  probability  of  error  for  an  optimally  detected  coherent  FSK 
system  operating  at  D = .75  with  the  assumption  of  no  interbit  dependence 
in  the  modulating  binary  data  stream  (Ref  13).  Smith's  result  is  plotted 
in  Figure  1 . 


CONCLUSIONS 

Conventional  telemetry  systems  are  designed  using  "rule  of  thumb" 
or  "cookbook"  procedures.  This  report,  initiated  as  part  of  a study  on 
frequency  shift  keyed  (FSK)  modulation,  was  developed  to  estimate  sys- 
tem improvements  attainable  by  use  of  a phase-lock  loop  demodulator . 

The  study  of  FSK  modulation  is  associated  with  a transponder  locating 
technique  for  a munitions  recovery  system . 

It  is  concluded  that  the  selection  of  a specific  modulation  technique , 
for  use  in  a digital  telemetry  data  link,  requires  consideration  of  system 
parameters.  The  following  factors  were  considered: 

1 . Transmission  link  signal-to-noise  ratio 

2 . Signal  bandwidth 

3 . Data  rate 

4 . Required  bit  error  probability 

5 . System  complexity  and  cost 

It  is  further  concluded  that,  when  FSK-modulated  data  is  demodulated 
by  a phase-lock  loop , the  required  received  energy  ratio  (E/q)  can  be  i dB 
less  (for  a given  error  rate)  than  the  conventional  limiter  discriminator . 
The  particular  advantages  of  this  technique  were  discussed  in  this  report . 
The  various  basic  binary  digital  FM  systems  were  compared  (Fig  1)  for 
relative  error  performance. 


18 


REFERENCES 


1.  Sunde,  E.  D.,  "Ideal  Pulses  Transmitted  by  AM  and  FM," 

B.S.T.J. . 38,  Nov  1959 

2.  Bennett,  W.R.,  and  Salz,  J.,  "Binary  Data  Transmission  by  FM 
Over  a Read  Channel,"  B.S.T.J.,  42,  PP. 2387-2426  (1963). 

3.  Stein  and  Jones,  Modern  Communication  Principles  With  Applications 
to  Digital  Signalling,  McGraw  Hill,  NY,  1967 

4.  Wozencraft  and  Jacobs,  Principles  of  Communication  Engineering, 
John  Wiley  6 Sons,  1965 

5.  Bennett  and  Davey,  Data  Transmission,  McGraw  Hill,  1965 

6.  Salz,  J.,  "Performance  of  Multilevel  Narrowband  FM  Digital 
Communication  Systems,"  McGraw  Hill,  NY,  1967 

7.  Lucky,  R.W.,  Salz,  J.,  Weldon,  E.J.,  Principles  of  Data 
Communication,  McGraw  Hill,  1968 

8.  Klapper,  J.,  "Demodulator  Threshold  Performance  and  Error 
Rates  in  Angle-Modulated  Digital  Signals,"  RCA  Rev  27,  Nov  2, 
266-244,  1966 

9.  Klapper,  J.  and  Frankie,  J.T.,  Phase-Locked  and  Frequency- 
Feedback  Systems,  Academic  Press,  New  York,  1972 

10.  Mazo,  J.E.  and  Salz,  J.,  "Theory  of  Error  Rates  for  Digiatl  FM," 
B.S.T.J.,  45,  No.  9,  1511-1535  (1966) 

11.  Klapper  J.,  Aaronson,  G.,  Acampora,  A.,  Frankie,  J.,  and 
McLaughlin,  P.,  "Error  Rates  with  Angular  Feedback  Demodulators," 
Conf  Rec  IEEE  Telemetering  Conf,  Houston,  Texas,  1968 

12.  Shaft,  P.D,,  "Error  Rate  of  PCM-FM  Using  Discriminator 
Detection,"  IEEE  Trans  Set-9,  131-137  (1963) 

13.  Smith,  E.F.,  "Attainable  Error  Probabilities  in  Demodulation  of 
Random  Binary  PCM/FM  Waveforms,"  IEEE  Trans  Set-8,  No.  4, 

290  (1962) 


19 


DISTRIBUTION  UST 


Commander 
USA  ARRADCOM 
ATTN:  DRDAR-LCV 

DRDAR-LCP  (2) 

DRDAR-LCA  (2) 

DRDAR-LCE 
DRDAR-LCS 
DRDAR-LCW  (2) 

DRDAR-LCB  (2) 

DRDAR-LCF  (2) 

DRDAR-LCH 
DRDAR-LCN  (2) 

DRDAR-LCU  (2) 

DRDAR-LCU,  M.  Margolin  (2) 
DRDAR-LCU,  Dr.  L.  F.  Nichols  (2) 
DRDAR-LCN-DP , J.  Drake 
DRDAR-RIA  (2) 

DRDAR-QA 
DRDAR-QAS 
DRDAR-QAP 
DRDAR-QAN  (3) 

DRDAR-QAN-T,  F.  Alfano 
DRDAR-QA-QAR  (2) 
DRDAR-QA-QAT 
DRDAR-QA-QAA 
DRDAR-QA-FFA 
DRDAR-QA-QAM 
DRDAR-QA-QAC 
DRDAR-QA-QAN-T.  G.  Frey 
DRDAR-TS,  COL  D.  Wright 
DRDAR-TS,  R.  A.  Vecchio 
DRDAR-TSP 
DRDAR-TSI  (4) 

DRDAR-TSE  (2) 

DRDAR-TSC 
DRDAR-TSB 
DRDAR-TSS  (5) 

DRDAR-TSI-T.  W.  Donnally  (6) 
DRDAR-TSI-T,  C.  Smith 
DRDAR-TSI-T,  Glass 
DRDAR-TSI 

DRDAR-TSI-T,  W.  Barrett 


1 

fiilOSOlMO  PiGS  BLAMK-MOT 

i . 


. 21 


DRDAR-SC 
DRDAR-SA 
DRDAR-SCP 
DRDAR-SCA 
DRDAR-SCF 
DRDAR-SCW 
DRDAR-SCS 
DRDAR-SCM 
DRDAR-SCN 
Dover,  NJ  07801 


Project  Manager 

Cannon  Artillery  Weapon  Systems 
ATTN:  DRCPM-CAWS  (2) 

Dover,  NJ  07801 

Project  Manager 
Selected  Ammunition 
ATTN:  DRCPM-SA  (2) 

Dover,  NJ  07801 

Project  Manger 

Army  Gun  Defense  System 

ATTN:  DRCPM-ARGADS  (2) 

Dover,  NJ  07801 

Project  Manager 

Munitions  Production  Base  Modernization 
ATTN:  DRCPM-PBM 
Dover,  NJ  07801 

Commander/Director 

Chemical  Systems  Laboratory 

USA  ARRADCOM 

ATTN:  DRDAR-CL 

Aberdeen  Proving  Ground,  MD  21010 

Director 

Ballistic  Research  Laboratory 
USA  ARRADCOM 
ATTN:  DRDAR-BL 

DRDAR-BL,  W.  H.  Mermagen 
DRDAR-BL-BLP  (2) 
DRDAR-BL-BLB  (3) 
DRDAR-BL-BLL  (2) 

Aberdeen  Proving  Ground,  MD  21005 


22 


Defense  Documentation  Center 
Cameron  Station 
Alexandria,  VA  22314  (12) 


# 

Commander 

Naval  Ordnance  Laboratory 

ATTN:  Library 

Silver  Spring,  MD  20910 

Director  Research  8 Development 
Department  of  the  Air  Force 
ATTN:  Technical  Library 
Washington,  DC  20330 

Hdqtrs,  Air  Force  Armament  Laboratory  (ATX) 

Eglin  Air  Force  Base 
Florida  32542 

US  Army  Yuma  Proving  Ground 
ATTN;  Library  (STEYP-AD)  (3) 

Yuma,  AZ  85364 

Commander 
Wright-Patterson  AFB 
ATTN:  Library  (2) 

Dayton,  OH  45433 

Hdqtrs,  Air  Force  Systems  Command  (SCTS) 

Andrews  Air  Force  Base 
Maryland  20331 

Hdqtrs,  Air  Force  Weapons  Laboratory  (WLX) 

Kirtland  Air  Force  Base 
New  Mexico  87117 

Commander 

Air  Research  6 Development  Command 
ATTN:  Technical  Library 
Baltimore,  MD  20101 

Redstone  Scientific  Information  Center 
US  Army  Missile  Research  and 
Development  Command 
ATTN:  Chief,  Document  Section 
Redstone  Arsenal,  AL  35808 


} 


23 


Commander 

Harry  Diamond  Laboratories 
ATTN:  Library,  Bldg  92  (3) 

AMXDO-RB/530.  Mr.  T.  Liss  (2) 
Washington.  DC  20438 

Naval  Ammunition  Depot 
ATTN:  Library  (2) 

Crane,  IN  47522 

Army  Material  S Mechanics  Research  Center 
ATTN:  Library  (2) 

Watertown,  MA  02172 

Director 

Lawrence  Radiation  Laboratory 
ATTN:  Library 
P.O.  Box  808 
Livermore,  CA  94550 

Sandia  Corporation 

ATTN:  ORG  7282,  Mr.  Bentz 

ORG  7262,  Mr.  R.  Bentley 
ORG  7284,  Mr.  D.  Williams 
Library  (3) 

P.O.  Box  5800 
Albuquerque,  NM  87115 

US  Naval  Weapons  Center 
ATTN:  Technical  Library  (2) 

China  Lake,  CA  93555 

Chairman  Telemetry  Group 
ATTN  Mr.  G.  E.  Wooden 
BMDSC-RD 
P.O  Box  1500 
Huntsville,  Alabama  35807 

Commander 

White  Sands  Missile  Range 
ATTN:  Technical  Library 
White  Sands,  NM  88002 


24 


Physical  Science  Laboratory  (PSL) 

New  Mexico  State  University 

MRS/WSMR 

ATTN:  Lloyd  Griffin 

P.O.  Box  PSL 

Las  Cruces,  NM  88003 

US  Test  S Evaluation  Command 
ATTN:  DRSTE-SG-H 
Aberdeen,  MD  21005 


25 


